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__ Introduction 

Changes in s t ruc tura l  parameters, such as surface area available f o r  reaction, 
porosity, and pore s i ze  d i s t r ibu t ion ,  will  markedly a f f ec t  the r a t e  of gas-solid 
reactions.  Accompanying these changes in s t ruc tura l  parameters a re  changes in 
.the resistance to  di-f-fusi-on of gaseous- products and reactants- thT-o-Tgh t h T  pores 
of the so l id .  Understanding the  nature of t h i s  d i f fus ion ,  therefore i s  important 
in predicting simultaneous d i f fus ion  and reaction r a t e s .  A quant i ta t ive  measure 
of pore diffusion fo r  f i r s t -o rde r  reactions i s  given by the  effectiveness factor 
which i s  a unique function of the e f fec t ive  d i f fus iv i ty .  For microporous solids 
such as  coa l ,  there have been few measurements of e f f ec t ive  d i f fus iv i ty .  
more, the e f fec t ive  d i f fus iv i ty  changes a s  a function of coal conversion as pore 
walls are gas i f ied .  The objec t ive  of t h i s  work i s  t o  determine the changes in 
the pa r t i c l e  s t ruc ture  of coal as i t  undergoes the reac t ion ,  C + CO -t 2CO and 
t o  include the e f f ec t  of these changes in surface area and ef fec t ivg  d i f fus iv i ty  
on the overall reaction r a t e .  

A number o f  workers (1-6)  have made measurements of changes in surface area as a 
function of conversion. Most repor t  t h a t  surface area increases during reaction. 
Only Turkdogan e t  a1 (1) and Pate1 el a1 ( 7 )  have made any measurements of effec- 
t ive  d i f fus iv i ty  as a function of conversion. 
O,, and to ta l  surface a rea ,  S ,  may be expressed as functions of conversion. 
Once these functions a re  es tab l i shed ,  they can be included i n  a n  overall ra te  
expression. Recently Bhatia a n d  Perlmutter (8) a n d  Gavalas (9 )  have developed 
random pore models fo r  gas-solid reactions a t  chemically controlled r a t e s .  These 
models can be shown t o  be essen t i a l ly  identical  (10) .  
have been derived which r e l a t e  surface area t o  conversion. Bhatia and Perlmutter 
(11) have extended t h e i r  model t o  include diffusion and transport  e f f ec t s  where 
they assume t h a t  e f f ec t ive  d i f fus iv i ty  will var with the s t ruc tura l  parameters 
of the so l id  in the form De = CE/~(E) where Y ( E ~  i s  the tor tuos i ty  which varies as 
reaction proceeds. The random pore models provide a way t o  in t e rp re t  r a t e  data 
in terms o f  the measurable parameters of surface area and e f f ec t ive  d i f fus iv i ty .  

Experimental 

The experimental equipment t o  determine surface and e f f ec t ive  d i f fus iv i ty  i s  the 
same as used previously ( 1 2 ) .  The surface area device i s  a flow-type adsorption 
apparatus. 
hour. The adsorbed CO was then desorbed by heating the sample a t  120°C. This 
process was repeated a$  several r e l a t ive  C02 pressures t o  obtain an adsorption 
isotherm. 
with modifications by Medek ( 1 4 ) .  
by pulsed chromatography employing the method of moments. 
used t o  describe the mass t r ans fe r  in the chromatographic bed was the  same as  used 
previously (12 ) .  Axial dispersion and external mass t r ans fe r  coef f ic ien ts  

Further- 

The changes in e f fec t ive  d i f fus iv i ty ,  

In both cases expressions 

Surface area measurements were made by adsorbing C02 a t  0°C for  1 

The surface area was calculated using the Dubinin-Polanyi theory (13) 

The theore t ica l  model 
Effective d i f fus iv i  ty determinations were made 
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were determined from c o r r e l a t i o n s  i n  Shah and Ruthven (15)  and B i r d  (16) .  
r e s p e c t i v e l y .  From t h e  two moment equat ions t h e  a d s o r p t i o n  cons tan t  Ka and 
t h e  d i f f u s i o n  parameter De/rc2 where 0, i s  e f f e c t i v e  d i f f u s i v e l y  and rc i s  
d i f f u s i o n  l eng th  were c a l c u l a t e d .  These d i f f u s i o n  s t u d i e s  were made on LO2, 
co, CH4, and N2 over a temperature range o f  5OoC t o  250'C. 
char .  a sample o f  raw coa l  was heated a t  25"C/min t o  t h e  r e a c t i o n  temperature 
i n  a he l ium gas stream and h e l d  a t  r e a c t i o n  temperature f o r  1 hour .  The sample 
was coo led  and su r face  area and e f f e c t i v e  d i f f u s i v i t y  measurements were made 
again.  The chars produced were reheated t o  r e a c t i o n  temperature and reac ted  
w i t h  CO . A known volume o f  C02 was i n j e c t e d  and t h e  o u t l e t  gas was c o l l e c t e d  
and anafyzed t o  determine t h e  e x t e n t  o f  t he  r e a c t i o n .  The sample was then 
cooled and sur face area and e f f e c t i v e  d i f f u s i v i t y  measurements were made. The 
sample was then reheated and reac ted  again.  T h i s  procedure was repeated u n t i l  
t h e r e  was no f u r t h e r  app rec iab le  carbon convers ion.  
r a t e s  f o r  t he  char/C02 r e a c t i o n  were made u s i n g  a thermal g r a v i m e t r i c  balance. 
D e v o l a t i l  i z a t i o n  temperatures and r e a c t i o n  temperatures ranged f rom 1073K t o  
1373K. 

Resu l t s  and Discuss ion 

There a r e  s i g n i f i c a n t  changes i n  t h e  su r face  area and d i f f u s i o n  parameter as a 
r e s u l t  o f  d e v o l a t i l i z a t i o n .  
t i o n  temperatures. The char  su r face  areas are from 1.5 t o  2.0 t imes as g rea t  as 
t h e  raw coa l .  The r a t i o  o f  char /coal  su r face  area increases as d e v o l a t i l i z a t i o n  
temperatures increases and reaches a maximum a t  1273K and then  decreases. The 
inc rease  i n  sur face area rep resen ts  t h e  opening o f  pores i n a c c e s s i b l e  before 
d e v o l a t i l i z a t i o n .  Wal ls  c l o s i n g  o f f  pores are d e v o t a l i z e d  and smal l  pores 
i naccess ib le  t o  i n i t i a l  C02 adso rp t i on  a re  exposed. As t h e  d e v o l a t i l i z a t i o n  
temperature increases t o  1373K t h e  amount o f  new pores s t r u c t u r e  beoins t o  
decrease as more m a t e r i a l  i s  d e v o l a t i l i z e d .  
d i f f u s i o n  parameters f o r  N2 are  l e s s  than  one i n d i c a t i n g  t h a t  t he  new pore 
s t r u c t u r e  has a g rea te r  r e s i s t a n c e  t o  d i f f u s i o n .  
parameter increases as d e v o l a t i l i z a t i o n  temperature i nc reases  b u t  i s  s t i l l  l e s s  
than  one. 
a decrease i n  d i f f u s i o n  parameter. 

The C02/char g a s i f i c a t i o n  r e a c t i o n  causes cont inuous changes i n  t h e  pore s t r u c t u r e  
o f  t h e  char .  
and then  decreases as a f u n c t i o n  o f  convers ion.  
c o r r e l a t e d  w i t h  convers ion u s i n g  B h a t i a  and P e r l m u t t e r ' s  exp ress ion  f o r  su r face  
area as a f u n c t i o n  o f  convers ion.  
convers ion u s i n g  the  Bha t ia  and Per lmu t te r  model a t  each r e a c t i o n  temperature. 
From the  s lope and i n t e r c e p t  o f  t h e  l e a s t  squared l i n e  an i n i t i a l  su r face  area 
So, and a s t r u c t u r a l  parameter, I) were c a l c u l a t e d .  
measured i n i t i a l  su r face  areas a re  g i ven  on F igu res  1-4. 
measured i n i t i a l  su r face  areas d isagree by as low as 2.5% and as h i g h  as 33%. 
Bha t ia  and P e r l m u t t e r ' s  model i n d i c a t e s  t h a t  when the  s t r u c t u r a l  parameter (J i s  
g rea te r  t han  2 t h a t  t h e r e  i s  a maximum i n  surface area as a f u n c t i o n  o f  conversion. 
A l l  t he  va lues o f  $J determined are g r e a t e r  t han  2 and t h e  va lues o f  (J increase as 
a f u n c t i o n  o f  r e a c t i o n  temperature up t o  1273K and then  decrease a t  a r e a c t i o n  
temperature o f  1373K. Bha t ia  and P e r l m u t t e r ' s  model has n o t  been w i d e l y  tes ted ,  
and the range o f  convers ion over  which i t  a p p l i e s  has n o t  been es tab l i shed .  
The data of Hashimoto e t .  a1 ( 6 )  c o r r e l a t e d  t o  a convers ion o f  0.75 f o r  one 
char  and t o  a convers ion o f  0.3 f o r  another  char. These da ta  c o r r e l a t e  from 
convers ion o f  0.40 a t  1373K t o  0.75 a t  1173K. 

To produce 

Measurements o f  r e a c t i o n  

Table 1 g ives  these changes a t  d i f f e r e n t  devo la t i za -  

The r a t i o s  of t he  char /coal  

The r a t i o  o f  char /coal  d i f f u s i o n  

The d e v o l a t i l i z a t i o n  process produces an i nc rease  i n  su r face  area and 

S p e c i f i c  su r face  area i n i t i a l l y  i nc reases ,  passes through a maximum 
The s p e c i f i c  su r face  area was 

F igu res  1-4 a re  p l o t s  o f  su r face  areas versus 

These va lues  a long w i t h  t h e  
The c a l c u l a t e d  and 
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The calculated diffusion parameter, De/rc2, and the adsorption equilibrium constant, 
Ka for the diffusion of carbon dioxide i n  helium as a function of conversion are 
displayed i n  Table 3. 
bon monoxide, nitrogen and methane as  a function o f  conversion and a t  d i f fe ren t  
reaction temperature also were calculated b u t  are given elsewhere (17 ) .  
a n  increase in diffusion parameter with conversion. 
relationship between the adsorption constant and the diffusion parameter. 
t i ve ly ,  as the  pore s t ruc ture  becomes more open, o r  a s  the reactive core decreases 
i n  diameter, the res i s tance  of mass t ransfer  decreases. 

Walker, e t  a1 studied the diffusion of methane i n  coals and determined t h a t  diffu- 
sion i s  activated ( lE , l9) .  An Arrhenious relationship was proposed t o  explain the 
influence of temperature on the  diffusion parameter. 
and pre-exponential fac tors ,  De/rc2)o parameters were calculated from diffusion 
data obtained a t  100°C or grea te r .  The r e su l t s  are l i s t e d  i n  Table 6 f o r  char 
reacted a t  1073K. For a l l  gases the  activation energy generally decreases w i t h  
conversion, as expected, since higher energies are-associated wi.th-smail.ler-pores - 

- aTd pore entrances and with smaller reactive core r ad i i .  Pa te l ,  e t  a1 ( 7 )  also 
observed a decrease in the diffusion of methane t h r o u g h  various activated anthra- 
c i t e  coals. 
conversion a t  the other reaction temperatures a re  available elsewhere ( 1 7 ) .  
calculated ac t iva t ion  energies and pre-exponential f ac to r s ,  diffusion parameters 
were estimated a t  reaction temperatures. 
conversion and follow the order N2 > CO > CH4 > C02. 

Reaction r a t e  data for  char/COp reaction obtained using the  TGA exhibited maxima a t  
intermediate conversions. The Bhatia and Perlmutter model assuming a k ine t ica l ly  
controlled reaction a n d  rearranged in l i nea r  form was used t o  in t e rp re t  the  r a t e  
data.  Values of II, and S determined from the surface area studies were used in the 
model. Reaction r a t e  constants were cal-  
culated from the slopes of these p lo t s .  A n  Arrhenious p lo t  for the reaction r a t e  
constants i s  given i n  Figure 9. An ac t iva t ion  energy of 150 KJ/mole was calculated 
from the slope of this  p lo t .  The assumption of a k ine t ica l ly  controlled reaction 
appears to  be correct since the reaction r a t e  data in Figures 5-8 a re  l inear  as the 
Bhatia/Perlmutter model suggests and the Arrhenious p lo t  i s  l i nea r .  However, 
effectiveness fac tors  s t i l l  need t o  be calculated and t h i s  i s  currently being done 
using the Bhatia/Perlmutter model w h i c h  includes t ranspor t  e f f ec t s .  

Conclusions 

Devolati l ization r e su l t s  i n  an increase in surface area and a decrease i n  diffusion 
parameter. A maximum increase in surface area occurs a t  a devola t i l i za t ion  tempera- 
t u re  of 1273K whereas the d i f fus ion  parameters increases as  devola t i l i za t ion  temper- 
a tu re  increases. Specific surface area exhib i t s  a maximum a t  a conversion of 
approximately 0.35. 
version o f  a t  l ea s t  0.4. 
temperature of 1273K. 
u s i n g  the model of Shah and Ruthven (15) and method OF moments. 
parameter var ies  non-linearly with conversion and follows the order N 
> C02. The reaction of CO? with Wyodak char a t  temperatures between f073K and 1473K 
can be modeled by the  Bhatia/Perlmutter model assuming k ine t ic  cont ro l .  
activation energy is  150 KJ/mole. To confirm t h i s ,  however, effectiveness fac tors  
need t o  be determined from the simultaneous solution of the  equations describing 
diffusion and reaction including the functions accounting fo r  changes in d i f fus iv i ty  
and surface area as a function o f  conversion. 

The diffusion parameters and equilibrium constants fo r  car- 

There i s  

Intui-  
There appears t o  be an inverse 

Activation energies,  AHo+, 

Activation energies and pre-exponential fac tors  as a function of 
Using 

These parameters vary non-linearly with 

These data a re  p?otted i n  Figures 5-E. 

The Bhatia/Perlmutter i s  able t o  cor re la te  the d a t a  t o  a con- 
The s t ruc tura l  parameter $ has a maximum a t  reaction 

The diffusion 
The diffusion parameters, De/r 2 ,  a re  conveniently estimated 

> CO > CH 

The 
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k = 86.2 erp (-1.78 I lo4/r) 

with an activation energy of  150  Wlrmle 

Figure  9. Arrheniur Plot f w  the Rates  Constants. 
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